Abstract. The directional characteristics of shallow water waves are described based on measured data during 2011 at two locations spaced at 350 km along the eastern Arabian Sea. Study shows that, for high swells (significant wave height > 1 m) approaching almost parallel to the coast, the difference between mean and principal wave direction at spectral peak is negligible. The directional spreading of wind-sea-dominated wave spectrum is less than that of the swell-dominated spectrum. Average value of the ratio of the directional width at twice the peak frequency and that at the peak frequency is 1.9 indicating that the directional width increased at higher frequency. Even though both locations studied are along the eastern Arabian Sea, there are more northwest waves due to shamal events and local winds found at the northern location (27 %) than at the southern location (7 %).
Introduction
A complete representation of a sea state requires information on the wave direction and associated directional spreading of the spectrum (Brissette and Tsanis, 1994) . The directional spreading of sea states is an important design parameter in offshore engineering. Wave directionality affects the resulting wave kinematics and results in change in the forces exerted on offshore structures (Adcock and Taylor, 2009 ). Designers are provided with bulk estimates of wave height, period and direction, and analytic models for wave directional spectra are used to generate representative wave conditions for engineering applications (Lee et al., 2010) . The wave energy distribution in frequency and direction is given by the directional spectrum, which can be represented as the product of the frequency spectrum and directional spreading function (Borgman, 1982) . A number of parametric models are used to estimate the directional spreading function (Longuet-Higgins et al., 1963; Borgman, 1982; Donelan et al., 1985; Kobune and Hashimoto, 1986; Zhang and Zhang, 2006) . When bimodal seas are present, use of parametric methods of estimating the directional distribution function will result in the shortcoming inherent to programs. Modelfree methods such as maximum likelihood method (MLM), maximum entropy method (MEM) (Borgman, 1982) , iterated maximum likelihood method (IMLM) (Pawka, 1983) , extended maximum entropy method (EMEM) (Hashimoto et al., 1993) do not have such limitation because the estimate of directional spreading function at each individual frequency is independent of the rest of the spectrum and do not depend on a spreading parameter (Alves and Melo, 1999) .
In most parametric models, mean wave direction is an input parameter and two different approaches are used to determine the wave direction. One involves the use of first-order Fourier coefficients (mean wave direction, θ ), while the other uses second-order Fourier coefficients (principal wave direction, ϕ). Based on the analysis of directional data, Goda et al. (1981) , Kuik et al. (1988) , Benoit (1992) and Besnard and Benoit (1994) concluded that θ is the most representative index to describe the wave direction. Kumar and Anand (2004) found that θ and ϕ corresponding to the peak frequency covary with a correlation coefficient of 0.99 for a location off Goa at 23 m water depth. However, θ and ϕ corresponding to higher (> 0.25 Hz) and lower (< 0.07 Hz) frequencies are not similar. There have been very few studies on directional spreading of shallow water waves (Alves and Melo, 1999; Herbers et al., 1999; Kumar et al., 1999 Kumar et al., , 2000 Kumar, 2006;  Published by Copernicus Publications on behalf of the European Geosciences Union.
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V. Sanil Kumar and T. R. Anoop: Directionality and spread of shallow water waves Deo et al., 2002; Pettersson and Kahma, 2005) . Another parameter used to estimate the directional spreading function is the spreading parameter (s). The waters off the west coast of India are exposed to seasonally reversing winds, with winds from the southwest (SW) direction during the SW (summer) monsoon period (June to September) and from the northeast (NE) during the NE (winter) monsoon period (October to January). The period between NE and SW monsoon is the pre-monsoon period or the fair weather (FW) period. The seasonal changes in winds produce similar changes in the directional spreading parameter, and the nature of the seasonal variability is not studied. Also the variation of the directional spreading in a day due to the influence of sea/land breeze has not been studied in the past and the spatial variation of the spread parameter along the eastern Arabian Sea. In this article, directional characteristics of shallow water waves during a one-year period at two open ocean locations spaced at 350 km along the eastern Arabian Sea are studied based on simultaneous measurements carried out using moored directional waverider buoys. In addition, directional spreading of wind sea and swell is examined. Glejin et al. (2013a) studied the influence of winds on temporally varying short and long period gravity waves in the nearshore regions of the study area. The non-directional wave spectral characteristics of this area have been studied by Kumar et al. (2013) .
Study area
One location off Honnavar (southern location) at 9 m water depth (geographic position 14.3042 • N, 74.3907 • E) and another location off Ratnagiri (northern location) at 13 m water depth (geographic position 16.9801 • N, 73.2584 • E) situated in the eastern Arabian Sea are selected for the study (Fig. 1) . Distances of the locations from the west coast of Indian mainland are 2.5 km at Honnavar and 2 km at Ratnagiri. Distance between the two locations is around 350 km, and both locations are subjected to swells from Indian Ocean. Along the study area, the SW monsoon winds are strong and the rainfall of the region during SW monsoon varies from 2.6 to 3.1 m (Mishra et al., 2004) . The rainfall during SW monsoon is 80-90 % of the annual rainfall (Koteswaram, 1976) . Large variation in the wave climate is unlikely at the two locations studied since a substantial part of the wave energy at these locations is due to the swells (Glejin et al., 2013a; Sajiv et al., 2012) . The waves in the study area are influenced by local winds (Glejin et al., 2013a) and the shamal events (Aboobacker et al., 2011; Glejin et al., 2013b) . Based on the measured wind speed using autonomous weather station at Ratnagiri, Glejin et al. (2013a) reported that sea breeze during pre-and post-monsoon season varies between 1 and 3 m s −1 , whereas land breeze strength is always less than 1 m s −1 . The observed direction of the sea breeze is from the NW and that of the land breeze is NE. 
Materials and methods
Waves were measured using the Datawell directional waverider buoy (Barstow and Kollstad, 1991) from 1 January to 31 December 2011. Measurements were made in coordinated universal time (UTC), the time referred to in the paper. The vertical and horizontal (eastward and northward) displacement data were obtained from the respective accelerations measured by the buoy. The data were recorded continuously at 1.28 Hz, and the data for every 30 min were processed as one record. The collected time series was subjected to standard error checks for spikes, steepness and constant signals (Haver, 1980) , and a total of 17 421 records measured simultaneously at each location were used for further analysis. The wave spectrum was obtained through fast Fourier transform (FFT). FFTs of 8 series, each consisting of 256 measured vertical elevations of the buoy data, were added to obtain the spectrum. High-frequency cut-off was set at 0.58 Hz, and the resolution was 0.005 Hz. Significant wave height (H m0 ), which equals 4 √ m 0 , was obtained from the spectral moment, V. Sanil Kumar and T. R. Anoop: Directionality and spread of shallow water waves 1819 where m 0 is the zero-order spectral moment. The period corresponding to the maximum spectral energy (i.e., peak wave period (T p ) was obtained from the wave spectrum. Mean wave direction (θ ) and principal wave direction (ϕ) are estimated as below (Kuik et al., 1988) .
where a 1 , b 1 , a 2 and b 2 are the first four Fourier coefficients of the directional distribution function and are determined as follows:
where C xx , C yy and C zz represent the auto-spectra, C zx the co-spectra and Q zx the quadrature spectra between variables z and x, C xy the co-spectra between variables x and y, Q zy the quadrature spectra between variables z and y,
is the wave number determined from the auto-spectra. Variables z, x and y represent the three translational (vertical, north-south and east-west) motions of the directional waverider buoy.
Directional spreading is studied using directional width (σ ) as given by Kuik et al. (1988) and mean spreading angle (θ k ) and long-crestedness parameter (τ ) as per Goda et al. (1981) . Directional width is calculated using the firstorder Fourier coefficients (a 1 , b 1 ), and the mean spreading angle is determined using first-as well as second-order Fourier coefficients (a 2 , b 2 ).
Wave age is estimated as C p / U , where C p is the wave phase speed at peak frequency and U is wind speed. Reanalysis data of zonal and meridional components of wind speed at 10 m height real-time observations at 6 h intervals from NCEP/NCAR (Kalnay et al., 1996) are used to analyze the wind pattern. These data are provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado, at http://www.cdc.noaa.gov/.
Results and discussions

Wave directional spreading
For long-crested waves, the value of directional width is 0 • , and as the waves become short-crested, the value increases and the wave directional spreading increases. During the SW monsoon period, average value of the directional width is less (15 • at Honnavar and 19 • at Ratnagiri) than that during remaining period of the year (27 • at Honnavar and 29 • at Ratnagiri). Relatively large values of directional width observed during the pre-and post-monsoon period are due to the co-existence of swells and seas in the study area (Glejin et al., 2013a; Kumar et al., 2012 Kumar et al., , 2013 Sajiv et al., 2012) . Directional spreading is narrowest with low values at the spectral peak frequency (f p ) and broadened at frequencies both higher and lower than f p (Fig. 2) . Average value of the ratio of the directional width at twice the peak frequency and that at the peak frequency is 1.9 indicating that the directional width increased at higher frequency. Minimum value of directional width observed at spectral peak is similar to the earlier observations (Mitsuyasu et al., 1975; Hasselmann et al., 1980) . During the SW monsoon period, the low values of directional width are confined to a narrow frequency range (0.08-0.15 Hz) since the peak frequency is in a narrow range (Fig. 2) . During the pre-monsoon period (FebruaryMay), the low values of the directional width is either at low frequencies or at high frequencies depending on the predominance of swell or wind sea. When the swell is predominant, the directional width is low at lower frequencies, and when wind sea is predominant, the directional width is low at higher frequencies (Fig. 2) . A significant wave height up to 4.2 m is observed during the study period . The non-directional wave spectral characteristics of the study are presented in Kumar et al. (2013) .
The directional width referred to hereafter is the value at spectral peak frequency. Values of directional width are relatively lower (annual average = 23.7 • ) at the southern location compared to the northern location (annual average = 25.3 • ). According to Snell's law, both the mean wave angle (mean departure of wave propagation directions from shore normal) and the directional spread (range of wave angles) decrease with decreasing depth (Henderson et al., 2006) . The directional spread parameter is lower at 9 m water depth than that at 13 m water depth due to the shoaling of the waves (Herbers et al., 1999). Anoop et al. (2013) observed that wave reflection is relatively higher at Ratnagiri than that at Honnavar, and the increase in wave reflection causes an increase of directional spread (Ardhuin and Roland, 2012) at Ratnagiri.
The wave data available simultaneously at 30 and 9 m water depth off Honnavar from 22 October to 17 November 2012 are examined to know the variation in directional width at different water depths. The wave height is slightly lower at 9 m than at 30 m (Fig. 3a) . The mean wave direction at 9 m is in a narrower range (210-250 • ) than (190-250 • ) at 30 m water depth due to refraction (Fig. 3b) . showed that, depending on the wave period, waves from 210 • in deep water change to direction of 217-241 • at 9 m water depth off Honnavar. During the measurement period, the average directional width at both depths is 22 • (Fig. 3c) .
Directional spectrum is narrow with low values of directional width for single peaked spectrum, and a high value of directional width is observed for broad-banded spectrum (Fig. 4) . Hence, the low values of directional width found at the southern location are also due to the larger number of single peaked spectra (63 %) at this location compared to that (46 %) at the northern location . Few (2 % of the time) high values (> 50 • ) of directional width are found at the southern location associated with H m0 < 1 m. The directional width for high waves (H m0 > 2 m) is less with an average value of 17 • compared to the annual average value of 24 • (Fig. 5a ). For waves with H m0 > 3 m, the average value of directional width is 15 • at the northern location and 11 • at the southern location. Based on worldwide field measurements of directional spreading, Forristall and Ewans (1998) showed the representation of storms as unimodal sea states with relatively small directional spreading. The present study shows that directional width of the swells (T p > 8 s with H m0 < 2 m is high (> 30 • ) and that for wind sea (T p < 8 s) is less than 40 • (Fig. 5b) . The directional spreading of wind-sea-dominated wave spectrum is less (average directional width = 18 • ) than that of the swell-dominated spectrum (average directional width = 24 • ). The high directional width for a swell-dominated spectrum is because the sea state contains wind waves along with the swells. Large difference in values of directional width is not observed for wind-seadominated and swell-dominated wave spectra in the present case since the measured data consist of wind seas and swells. Average coastal inclination is 17 • /15 • to the west from the true north at Honnavar/Ratnagiri, and hence 253/255 • waves are parallel to the coast. The spreading of waves approaching parallel to the coast (240 to 270 • ) is less (< 15 • ) than those arriving from other directions (Fig. 5c) . Lee et al. (2010) found that multi-directional random wave spectra will become more directionally asymmetric in shallower water due to the difference in refraction of directionally symmetric components. The waves with mean wave direction more than 270 • are the wind-sea-dominated waves or the shamal swells, and the directional widths for these waves are less than 40 • . The waves with mean wave direction less than 240 • are predominantly swells, and the directional widths of these waves are more than 40 • . Figure 5c indicates that the directional spread of SW waves is higher than those arriving from the W and NW. Even though the SW waves are the swells with low wave height and the swells are narrow-banded, the higher value of directional spread observed for the SW waves is due to the co-existence of wind sea during this period (Fig. 5c ). Forristall and Ewans (1998) reported that directional spread at the peak frequency is about 10 • for swells and 30 • for wind seas.
The half-hourly variation of directional width in a day is large during the pre-and post-monsoon seasons (≈ 24 • at Ratnagiri and 36 • at Honnavar) compared to SW monsoon period (≈ 14 • at Ratnagiri and 13 • at Honnavar). The large variation in directional width during the pre-and post-monsoon seasons during a day is due to the influence of sea/land breeze (Glejin et al., 2013a) . The influence of sea/land breeze caused large variation (7 s) in peak wave period in a day during the pre-and post-monsoon season compared to the variation (3 s) during the SW monsoon period. The hourly average value of directional width during different months indicates that the variation is large (≈ 16 • ) during November and December and is the least (≈ 1.5 • ) during June (Fig. 6) . The low variation in directional width observed from June to September is because during this period the waves are predominantly parallel to the coast and the variation in peak frequency is minimum ( Fig. 2c and d) . The study shows that high values of directional width are associated with lower wave age values (Fig. 5d) . Since the wave age is based on NCEP/NCAR wind data with a large spatial interval, the sea/land breeze influences are not included in the wave age values. Banner and Young (1994) indicated that the directional spread decreases slightly as wave age increases. Mitsuyasu et al. (1975) and Hasselmann et al. (1980) reported decreasing spreading with decreasing inverse wave age, but Donelan et al. (1985) and Ewans (1998) do not find a clear dependence. Pettersson and Kahma (2005) found that narrow fetch data have higher inverse wave age than broad fetch data. It is found that the directional width is less for highly positively skewed surface elevation (Fig. 5e ). The high sea states are positively skewed, and hence the value of directional width is low for highly positively skewed surface elevation. Apart from directional width, another parameter used to study the measure of the energy spread around a mean direction of wave propagation is the mean spreading angle. Generally the mean spreading angle varies from 0 to 90 • and will be 0 for unidirectional waves. For both locations studied, values of σ are larger than those of θ k (Fig. 5f ) similar to the earlier observations (Goda et al., 1981; Benoit, 1992 and Besnard and Benoit, 1994; Kumar, 2006) . Average value of σ is 25.3 and 23.7 • for Ratnagiri and Honnavar, and the corresponding value of θ k is 17.1 and 15.8 • . The average value of θ k is lower in the southern location than that at the northern location similar to the observations for σ . High value θ k is found at the southern location 2 % of the time over the annual period associated with H m0 < 1 m.
Another parameter required by the designers is the spreading parameter s used in the theoretical directional spreading function (cosine power 2 s). The directional spreading function is narrower and more peaked for larger value of the spreading parameter s. The annual average value of s is slightly lower (≈ 12) at the northern location than that (≈ 20) at the southern location. The reason for lower values of s at the northern location is due to the presence of a larger number of wind waves compared to the southern location. For high waves (H m0 > 2 m), the parameter s is 23 and 36 at the northern and southern location. Kumar (2006) reported average value of spreading parameter for different shallow water locations around India as 16, 20, 28 and 29. For deep water waves, Goda (1985) has recommended a maximum spreading parameter value of 10 for wind waves, 25 for swell with short decay, and 75 for swell with long decay distance. For swell-dominated waves, the value of parameter s is 18 and 24 for the northern and southern locations and is close to the recommended value of 25 by Goda (1985) . The value of s found in the present study is higher than the common value (s = 12) used for practical purposes (Tucker and Pitt, 2001 ).
Wave direction
Wave direction with respect to coastal inclination determines the direction of movement of littoral sediments in the nearshore region. Also, in most directional spreading functions, wave direction is taken as an input parameter determined either based on first-order Fourier coefficients (mean wave direction, θ ) or based on second-order Fourier coefficients (principal wave direction, ϕ). Difference between θ and ϕ at spectral peak is relatively large (up to 40 • ) at Honnavar compared to at Ratnagiri (Fig. 6a and b) . The directional spreading is minimum (low values of directional width) for waves having smaller difference between θ and ϕ ( Fig. 6c and d) . The difference between θ and ϕ at spectral peak is large for H m0 less than 1 m ( Fig. 6e and f) and is negligible (< 5 • ) for H m0 more than 1 m. The directional width is large (∼ 60 • ) for the waves from θp < 240 • with H m0 < 1 m, and the difference between θ and ϕ is large (20-40 • ) for these waves (Fig. 7d) . The study shows that the difference between θ and ϕ at spectral peak is large for long period waves (T p > 12 s) with small wave height (H m0 < 1 m) from 200 to 240 • . Based on the analysis of directional data, Goda et al. (1981) , Kuik et al. (1988) , Benoit (1992) and Besnard and Benoit (1994) concluded that θ is the most representative index to describe the wave direction. Kumar and Anand (2004) found that θ and ϕ corresponding to the peak frequency co-vary with a correlation coefficient of 0.99. However, the mean wave direction and principal wave direction corresponding to higher (> 0.25 Hz) and lower (< 0.07 Hz) frequencies are not similar. Large differences between θ and ϕ are found in the high-frequency region where wave energies are comparatively small. Lee et al. (2010) found that the difference between the mean direction and the peak direction (θ p − ϕ p ) is indicative of the skewness of the directional distribution. During the SW monsoon period, at Honnavar and Ratnagiri, waves are predominantly swells from southwestwest (255-258 • ) direction , and during this period the difference between θ and ϕ is negligible. Figure 8 shows frequency plots of wave period and direction. Two well-defined peaks are observed at both locations during the pre-and post-monsoon season due to the presence of seas (from 290 to 330 • ) and swells (from 180 to 210 • ) in the study area. These peaks represent the long period waves that originated in the southern Indian Ocean, far away from the coast and the seas generated close to the coast by local winds (Glejin et al., 2013a ) and the shamal events (Aboobacker et al., 2011; Glejin et al., 2013b) . During the SW monsoon, the peaks are merged to a common period (8-12 s) and are from 240 to 250 • and from 270 to 280 • . Over the annual cycle, at the northern location, there are three predominant wave directions: W, SW and NW with 36.4, 36.2 and 27.4 % of occurrence (Table 1) . However, at the southern location, only two predominant wave directions are found: SW during 59.8 % and W during 32.1 % of the time. Even though both locations studied are along the eastern Arabian Sea, there are more NW waves due to shamal events (Aboobacker et al., 2011; Glejin et al., 2013b) and local winds (Glejin et al., 2013a) found at the northern location (27 %) than at the southern location (7 %). The west coast of India is open to the south Indian Ocean and the Southern Ocean, and hence swells are present throughout the year along this coast. But the study shows that, during an annual cycle, the predominance of SW waves is less at the northern location compared to the southern location.
Directional spectrum
There are different methods for estimating directional spectrum from the time-series data and the performances of each method depend on data type. Hashimoto et al. (1993) , based on numerical test cases, found that extended maximum entropy method (EMEM) better estimates directional spectrum for single point measuring system. Since we used the data from a single point measuring system (i.e., the wave rider buoy), EMEM is used for estimation of directional spectrum. To study the directional wave characteristics, the monthly averaged directional spectrum is obtained from the half-hourly data collected at the northern location. Averaged directional wave spectrum shows the predominance of swells (8-12 s) along the study area during SW monsoon season with direction mainly from W ( Table 1 ). The distinguishing characteristic of SW monsoon months is the absence of double-peaked spectra (Fig. 9) . In all other months either partially separated or fully separated double-peaked spectra are present, and the secondary peak becomes predominant during the pre-monsoon season (February to May) due to the presence of seas and swells. From January to March and during December, the primary peak is from the NW and is predominantly due to the wind sea. During April-May and OctoberNovember, the primary peak is from the SW and is due to the swells. During October and November the swell component in the double-peaked spectrum becomes dominant and partially separated. Compared to SW monsoon season, the spectral energy in all other months is low.
Directional bimodality of the sea state
Directional bimodality has been observed in most of the studies conducted in the past 50 yr (Phillips, 1958; Cote et al., 1960; Holthuijsen, 1983; Jackson et al., 1985; Brissette and Wu, 1992; Young et al., 1995; Wyatt, 1995; Ewans, 1998; Wyatt and Van der Vlugt, 1999) . However, due to inadequate resolutions of the earlier spatial measurement instruments and controversy over the method-dependent estimations of directional distribution using temporal measurements, the directional bimodality remains an intriguing but less understood area of wind wave studies. The directional bimodality is the robust feature at the wave number above the spectral peak and is controlled mainly by the directional transfer of energy through nonlinear wave-wave interactions (Wang and Hwang, 2001) . Goda et al. (1981) used longcrestedness parameter (τ ) to study the directionality of the sea states. The long-crestedness parameter varies between 0 for uni-modal waves and 1 for waves with directional homogeneity. The average value of τ is 0.28 and 0.25 for the locations studied. The persistent nature of the directional bimodality indicates that the nonlinear wave-wave interaction mechanism not only actively moves wave energy away from the peak frequency into both higher and lower frequency components but also constantly redistributes wave energy into directions oblique to the wind direction. The bimodal directional distribution, unlike the uni-modal function, indicates that most wave energy is in two side lobes symmetrically or asymmetrically located about the peak wind direction. The bimodality of the directional distribution of the spectrum at frequencies lower and greater than the peak frequency is shown to be a strong feature of the sea states, which is consistent with high resolution field measurements (Gagnaire-Renou et al., 2010) . The directional distribution at a particular time for four different frequencies shows that the spectral band width is minimum at peak frequency (Fig. 10b) . Peak frequency (f p ) is 0.13 Hz, and peak wave direction is 244 • . The bimodality is observed to be significant at frequency (≈ 2.2 f p ) higher than the peak frequency ( Fig. 10c and d) . The characteristics of bimodality can be represented by the parameters such as lobe separation angle (θ Lobe ) and lobe ratio (r lobe ). The lobe separation angle is the average of θ 1 and θ 2 , where the angles θ 1 and θ 2 are defined as the angular separation distances of α 1 and α 2 from α 0 . Lobe ratio is the average of the ratios D(f, α 1 )/D(f, α 0 ) and D(f, α 1 )/D(f, α 0 ). For frequency at 2.077 times the peak frequency (Fig. 10c) , θ Lobe and r lobe are 41.54 • and 1.84 respectively, and those at frequency 2.278 times the peak frequency (Fig. 10d ) are 71.21 • and 2.865. That means the directional bimodality increases with increasing frequency. The side lobes represented here as Lobe 1 and Lobe 2 are asymmetrically located on both sides of peak wave direction. To quantify the asymmetric distribution, the ratio α 1 ) ) of the two side lobes is calculated, and it is found as 2.28 and 1.64 for frequency at 2.077 and 2.278 times the peak frequency ( Fig. 9c and d) . The deviation of R L from unity is an indication of an uneven energy distribution between the two side lobes. When the frequency increases, the asymmetry in energy distribution in lobes will decrease.
From this analysis, we conclude that the bimodal directional distribution is a distinctive and persistent feature over the higher frequency range. Here, the wave energy is distributed asymmetrically on the side lobes. The nearshore buoy location, where the peak wave direction is not in the local wind direction, possibly due to the slant fetch effect of the shoreline orientation and the less homogeneous and more fluctuating wind field that leads to the bimodal distribution, is much more asymmetric (Wang and Hwang, 2001) , and maximum energy is distributed in the lobe near peak wave direction. The bimodality becomes more significant with increasing frequency, and this increase in bimodality indicates that the nonlinear wave-wave interaction increases with an increase in frequency. In the region of the peak frequency of the spectrum, the components are generally uni-modal, similar to the observations of Young et al. (1995) . Correlation of the wave age with bimodal distribution parameters (longcrestedness parameter and mean spreading angle) is poor, indicating that the bimodal directional distribution is an invariant property of the wind-generated wave field (Ewans, 1998; Wang and Hwang, 2001 ). 
Ann
Conclusions
The study shows that, for high swells (H m0 > 1 m) approaching almost parallel to the coast, the difference between mean and principal wave direction at spectral peak is negligible. The directional spreading of wind-sea-dominated wave spectrum is less (average directional width = 18 • ) than that of the swell-dominated spectrum (average directional width = 24 • ). Directional width at twice the peak frequency is 1.9 times the value at peak frequency. The variation of directional width in a day is large during the pre-and post-monsoon seasons due to the influence of sea/land breeze compared to SW monsoon period. Even though the two locations studied are in the eastern Arabian Sea spaced at a distance of 350 km, the annual average value of directional spreading parameter s is slightly lower (9.3) in the northern location than that (10.7) at the southern location due to the presence of a larger number of multi-peaked spectra at the northern location. The directional bimodality was observed to be significant at frequency ≈ 2.2 higher than peak frequency. The distinguishing characteristic of SW monsoon period is the absence of doublepeaked directional spectrum, and in all other months either partially separated or fully separated double-peaked spectrum is present, and the secondary peak becomes predominant during the pre-monsoon season (February to May) due to the presence of mixed sea states. Over the annual cycle, at the northern location, there are three predominant wave directions: W, SW and NW with 36.4, 36.2 and 27.4 % of occurrence. At the southern location, only two predominant wave directions are found: SW during 59.8 % and W during 32.1 % of the time. There are more NW waves due to shamal events and local winds found at the northern location (27 %) than at the southern location (7 %).
